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O B J E C T I V E S This study sought to quantify contractile reserve of chronic dysfunctional myocardium,
in particular in segments with intermediate transmural extent of infarction (TEI), using low-dose dobutamine
cardiac magnetic resonance (CMR) in patients with a chronic total coronary occlusion (CTO).
B A C KG ROUND Recovery of dysfunctional segments with intermediate TEI after percutaneous
coronary intervention is variable and difﬁcult to predict, and may be related to contractility of the
unenhanced rim.
METHOD S Fifty-one patients (mean age 60  9 years, 76% male) with a CTO underwent CMR at
baseline and 35 patients underwent CMR at follow-up to quantify segmental wall thickening (SWT) at
rest during 5 and 10 g/kg/min dobutamine, and at follow-up. Delayed-enhancement CMR was
performed to quantify TEI. Dysfunctional segments were stratiﬁed according to TEI, end-diastolic wall
thickness (EDWT), or unenhanced rim thickness, and SWT was quantiﬁed. Segments with an intermediate
TEI (25% to 75%) were further stratiﬁed according to baseline SWT of the unenhanced rim (SWTUR)
(45% and 45%), and SWT was quantiﬁed. For each parameter, odds ratio (OR) and diagnostic
performance for the prediction of contractile reserve were calculated.
R E S U L T S Signiﬁcant contractile reserve was present in dysfunctional segments with EDWT 6 mm,
unenhanced rim thickness 3 mm, or TEI of 25%; only TEI had signiﬁcant relation with contractile
reserve (OR: 0.98; 95% conﬁdence interval [CI]: 0.96 to 0.99; p 0.02). In segments with intermediate TEI
(n  58), mean SWT did not improve signiﬁcantly. However, segments with SWTUR 45% showed
contractile reserve and improved at follow-up, whereas segments with SWTUR 45% were unchanged.
SWTUR had a signiﬁcant relation with contractile reserve (OR: 0.98; 95% CI: 0.97 to 0.99; p  0.02).
CONC L U S I O N S CMR quantiﬁcation of transmurality of infarcted myocardium allows the assess-
ment of the potential of dysfunctional segments to improve in function during dobutamine of most
segments. However, in segments with intermediate TEI, measurement of baseline contractility of the
epicardial rim better identiﬁes which segments maintain contractile reserve. (J Am Coll Cardiol Img
2010;3:614–22) © 2010 by the American College of Cardiology Foundation
From the Departments of *Cardiology and †Radiology, Erasmus University Medical Center, Rotterdam, the Netherlands.Manuscript received January 26, 2009; revised manuscript received February 8, 2010, accepted March 5, 2010.
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615hronic dysfunctional myocardium can re-
sult either from previous myocardial in-
farction or from hibernating myocardium
due to an obstructive atherosclerotic lesion
1). Contrast-enhanced cardiac magnetic resonance
CMR) can identify infarcted myocardium. In pa-
ients with chronic dysfunctional myocardium, the
ikelihood of recovery of segments without infarc-
ion is high, whereas segments with complete trans-
ural infarction do not recover after revasculariza-
ion. However, the likelihood of recovery after
evascularization of segments with transmural ex-
ent of infarction (TEI) between 25% and 75% is
ighly variable (2,3). Contractile reserve using low-
ose dobutamine can also be used to predict recov-
ry of function after revascularization (4–9) and is
escribed as being a useful addition to delayed-
nhancement CMR (10). Surprisingly, the relation
etween quantitative contractile reserve and TEI in
atients with chronic dysfunctional myocardium
as not been investigated thus far.
In this study, we quantified contractile reserve in
yocardial segments stratified according to 1) the
EI; 2) end-diastolic wall thickness (EDWT); and
) thickness of the unenhanced rim in patients with
hronic dysfunctional myocardium due to a chronic
otal occlusion (CTO) during low-dose dobut-
mine, and compared this with SWT at follow-up.
e paid particular attention to the evaluation of
egments with an intermediate transmural extent of
nfarction between 25% and 75%. In this group, we
nvestigated the influence of baseline contractility of
he epicardial viable rim on contractile reserve and
mprovement in function after revascularization of
he total segment.
E T H O D S
atient population. Seventy patients with a CTO
ho were referred for percutaneous coronary inter-
ention (PCI) were prospectively recruited for en-
ollment in this study. Eight patients (11%) refused
o participate. A CTO was classified as a complete
cclusion for more than 3 months as obtained from
ither the clinical history of prolonged anginal chest
ain or myocardial infarction or the date of the
iagnostic angiogram before revascularization. Ex-
lusion criteria were acute myocardial infarction
ithin the last 3 months; atrial fibrillation; inability
o lie flat; and contraindications for magnetic reso-
ance studies. In 11 patients (16%), CMR could
ot be successfully completed due to claustrophobia
n 8), obesity (n 2), and allergic reaction to the lontrast agent (n  1). Ultimately, 51 patients were
tudied. Of these patients, 78% had a positive exercise
est; the remaining 22% had progressive anginal
ymptoms. Of those 51 patients, 35 patients under-
ent successful revascularization of their CTO
ollowed by a second CMR scan at 6.2  0.5
onths after the procedure. Baseline parameters of
ll 51 patients are presented in Table 1. The
nstitutional review board of the Erasmus Medical
enter approved the study, and all patients gave
ritten informed consent.
MR protocol. CMR images were acquired using a
.5-T scanner with an 8-element cardiac phased-
rray receiver coil placed over the thorax (Signa
V/i, GE Medical systems, Milwaukee, Wiscon-
in). Cine CMR was performed using a steady-state
ree-precession technique (FIESTA). Imaging pa-
ameters were: field of view 36 to 40  28
o 32 cm; matrix size was 224  196;
epetition time, 3.4 ms; echo time, 1.5 ms;
ip angle, 45°; 12 views per segment; and
lice thickness was 8.0 mm with a 2.0-mm
lice gap. The 2- and 4-chamber end-
iastolic images at end-expiration pro-
ided the reference images to obtain 10 to
2 cine breath-hold short-axis images to
over the entire left ventricle.
Dobutamine was infused at 5 and 10
g/kg/min for 5 min at each dosage using
n intravenous catheter, which was placed in
he antecubital vein. Functional imaging was
epeated using the same long-axis imaging
lanes as at rest. For the short axis, we used
slices: basal, mid-ventricular, and apical.
uring the test, the patients were monitored
sing continuous ECG leads, and blood
ressure was measured every 3 min.
Delayed-enhancement imaging was performed
ith a gated breath-hold T1-weighted inversion-
ecovery gradient echo sequence 20 min after infu-
ion of gadolinium-diethyltriamine pentaacetic acid
0.2 mmol/kg intravenously, Magnevist, Schering,
ermany). Imaging parameters were repetition
ime 6.3, echo time 1.5, flip angle 20°, inversion
ulse of 180°, matrix 192  160, number of
verages 1 to 2, and inversion time 180 to 280 ms
adjusted to null the signal of the remote myocar-
ium). The slice locations of the delayed-enhanced
mages were copied from the cine images.
eﬁnitions and data analysis. The images were ana-
yzed using the CAAS-MRV program (version 3.1;
ie Medical Imaging, Maastricht, the Nether-
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616onsidered as being part of the blood pool volume.
16-segment-model, excluding the apex, was used
o analyze the myocardial wall in each patient (11).
egmental wall thickening of the full wall
SWTFW) was assessed quantitatively at rest, dur-
ng 5 and 10 g/kg/min dobutamine, and at follow-
p, and was considered dysfunctional if wall thick-
ning was less than 45% (12). Contractile reserve
as present if SWTFW increased 10% after ad-
inistration of either 5 or 10 g/kg/min dobut-
mine. SWTFW was analyzed in dysfunctional seg-
ents in the perfusion territory of a CTO before
nd 6.2  0.5 months after revascularization. Seg-
ents were stratified according to TEI, EDWT,
nd the thickness of the unenhanced rim, and
WTFW was determined according to these param-
ters for each segment. The diagnostic angiogram
as visually scored by 2 experienced observers. The
lace of occlusion and left or right dominance was
Figure 1. Unenhanced Rim
Example of the epicardial viable unenhanced rim, which was deﬁne
ment. The unenhanced rim was calculated using the following form
of the epicardial viable unenhanced rim was related to the outcom
the solid white line shows the epicardial contour; the solid black l
Table 1. Baseline Patient Characteristics (n  51)
Age (yrs) 60 9
Men 39 (76)
Smoking 10 (20)
Diabetes mellitus 10 (20)
Hypertension 29 (57)
Hypercholesterolemia 39 (76)
Family history 23 (45)
Baseline ejection fraction (%) 50 11
ACE inhibitor 17 (33)
Beta-blocker 44 (86)
Statin 42 (82)
ASA 44 (86)
Values are presented as number (%) or mean  standard deviation.
ACE  angiotensin-converting enzyme; ASA  acetylsalicylic acid.headed arrow indicates the thickness of the unenhanced rim.stablished, and the left ventricular segments were
orrelated to vessel anatomy. The TEI was analyzed
uantitatively by dividing the hyper-enhanced area
sing computer-assisted tracings by the total area in
ach segment and expressed as a percentage. TEI
as divided into 4 groups;25%, 25% to 50%, 50%
o 75%, and 75% infarct transmurality per seg-
ent. EDWT was divided into 3 groups; 6 mm
6), 6 to 8 mm, and 8 mm. The thickness of the
nenhanced rim (Fig. 1) was defined as the mean
all thickness of the nonenhanced area of a seg-
ent and was also divided into 3 groups; 3 mm
13), 3 to 6 mm, and 6 mm. Segmental wall
hickening of only the unenhanced rim (SWTUR)
as measured quantitatively in segments with an
ntermediate TEI (between 25% and 75%) and
ivided into 2 groups: dysfunctional (SWTUR:
45%) and normokinetic (SWTUR: 45%). For
WTUR, the increase in wall thickness in the
nd-systolic phase as compared to the end-diastolic
hase was assigned to the thickness of the unen-
anced rim, because we assume that scar tissue does
ot contract, and is expressed as a percentage of the
nenhanced rim (Fig. 2).
tatistical analysis. Data are presented as mean 
tandard deviation. Dysfunctional segments were
ither stratified into the TEI, or the EDWT or the
hickness of the unenhanced rim. To investigate the
ifferences of SWT during rest, dobutamine and
ollow-up for TEI, EDWT, and the unenhanced
im, variance analysis with repeated measurements
as used. Post-hoc analysis was performed using
he Tukey Student range method. The change in
emodynamic parameters during infusion of dobut-
mine, and the contractile reserve in dysfunctional
the mean wall thickness (mm) of the unenhanced area of a seg-
([100  hyperenhanced area]  EDWT)  100. The functionality
rameter. The dashed white line shows the endocardial contour;
shows the inner contour of the unenhanced rim; and the doubled as
ula:
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617egments with an intermediate extent of infarction,
ere also tested using analysis of variance followed
y the Tukey Student range method. To investigate
hether these parameters were related with dobut-
mine, multivariable logistic regression analyses
ere used. All analyses were adjusted for demo-
raphics (age, gender, body mass index), clinical
actors (hypertension, diabetes, hypercholesterol-
mia, smoking, family history of cardiac disease),
nd medications (beta-blocker, aspirin, ACE-
nhibitor, and statin). The goodness of fit of the
odel was calculated by the chi-square test. Inter-
ction terms were included in the models to inves-
igate confounding between these parameters. The
rea under the receiver operator curve (AUROC)
as calculated and the diagnostic performance for
DWT (cutoff: 6 mm [6]), TEI (cutoff: 50% [3]),
nenhanced rim thickness (cutoff: 3 mm [13]) and
WTUR (cutoff: 45%) to predict the presence of
ontractile reserve were calculated. All data analysis
as performed with SPSS for Windows 15.0.0
SPSS Inc., Chicago, Illinois).
E S U L T S
atient population. In 22 (43%) patients, the CTO
as located in the left anterior descendent coronary
rtery, in 9 (18%) patients in the left circumflex
oronary artery, and in 20 (39%) patients in the
Figure 2. Theoretical Model
In dysfunctional segments with a transmural extent of infarction of
dobutamine if jeopardized dysfunctional myocardium is present (up
(SWTUR) is 45%. In this situation, we may expect a beneﬁt of reva
dobutamine if SWTUR is normokinetic (lower row) and thus no jeop
beneﬁt of revascularization on myocardial function. We assume thaight coronary artery. Of the 51 patients that werencluded in the study, 45 (88%) patients had an
nfarct of which 43 (84%) were in the perfusion
erritory of the CTO. All images were of sufficient
uality for analysis. Administration of dobutamine
as well tolerated by all patients; no serious side
ffects occurred. All hemodynamic parameters that
ere measured increased slightly but consistently
uring infusion of dobutamine (Table 2). Of those
1 patients, 35 patients underwent successful revas-
ularization of their CTO, 16 (46%) of the left
nterior descendent coronary artery, in 7 (20%)
atients in the left circumflex coronary artery, and
n 12 (34%) patients in the right coronary artery;
hese patients underwent a follow-up CMR scan.
, segmental wall thickening full wall (SWTFW) improves during
row) and thus if segmental wall thickening unenhanced rim
arization on myocardial function. SWTFW will not improve during
zed myocardium is present. In this situation, we may expect no
arct tissue does not contract.
Table 2. Hemodynamic Data of 51 Patients Before PCI
Rest
Dobutamine
5 g/kg/min
Systolic BP (mm Hg) 133 19 140 20
Diastolic BP (mm Hg) 76 11 73 11
Heart rate (beats/min) 66 10 70 10
Ejection fraction (%) 50 13 57 15*
EDVi (ml/m2) 93 26 83 29
ESVi (ml/m2) 48 24 38 24
Cardiac output (l/min) 5.7 1.0 6.1 1.9
Stroke volume (ml) 87 22 88 32
Data are presented as mean  standard deviation. *p  0.05 versus basel
g/kg/min.
BP  blood pressure; EDVi  end-diastolic volume index; ESVi  end-systo50%
per
scul
ardiDobutamine
10 g/kg/min
138 17
72 9
73 11*†
60 14*†
83 27
36 23*
6.8 1.6
95 26
ine; †p  0.05 versus 5
lic volume index; PCI 
percutaneous coronary intervention.
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618n 1 patient, new hyperenhancement occurred in
he anteroseptal wall. The new infarct mass was 9 g.
egmental analysis. ALL SEGMENTS. Two hundred
eventy-nine segments were in the perfusion terri-
ory of the CTO. Mean SWT of all CTO perfused
egments (normokinetic  dysfunctional segments)
as 36  34% at baseline and increased to 43 
1% during 5 g/kg/min and 44  42% during 10
g/kg/min of dobutamine (both p  0.001 vs.
aseline). SWT of remote segments amounted to
8  27% at baseline, 71  42% during 5 g/kg/
in, and 82  41% during 10 g/kg/min (p 
.20).
trol Segment
mote Area
279 in Perfusion Territory
of the CTO
413 Segments
Not Suitable as Control
116 Were Normokinetic
28 Segments from
Non Treated Patients
816 Segments Were Included
163 Were Dysfunctional
135 Segments at Follow-up
Flow of Segments Through the Study
escribe the ﬂow of segments through the study, we present this
nty percent (163/819) of the segments that were included were
nal, and contractile reserve was determined. Eighty-three percent
f these dysfunctional segments were reperfused. CTO  chronic
sion; TEI  transmural extent of infarction.
nalyses of 51 Patients Before PCI
N Rest (%)
Dobutamine
5 g/kg/min (%)
Dobutamine
10 g/kg/min (%)
79 19 18 36 38* 33 34*
48 16 19 29 29 34 30*
27 10 21 15 28 24 28
9 5 12 9 13 5 20
22 14 24 23 26 23 29
68 16 18 35 39* 33 36*
73 18 18 28 32* 29 30*
28 8 14 3 15 7 18
56 16 20 31 32* 33 36*
79 18 18 32 36* 31 32*
69 78 27 71 42 82 41*†
†p  0.05 versus 5 g/kg/min.
ll thickness; PCI percutaneous coronary intervention; TEI transmural extentaYSFUNCTIONAL SEGMENTS. Of the CTO per-
used segments, 163 segments (60%) were dysfunc-
ional (Fig. 3). During low-dose dobutamine stress,
2 (56%) of the dysfunctional segments at baseline
onditions manifested a difference in contractile
eserve of more than 10% after 10 g/kg/min
obutamine. Mean SWT of all dysfunctional CTO
erfused segments increased from 16  19% at
aseline to 30  34% during 5 g/kg/min dobut-
mine and to 31  34% during 10 g/kg/min
obutamine (both p  0.0001 vs. baseline).
ONTRACTILE RESERVE IN DYSFUNCTIONAL SEG-
ENTS AND SWT AT FOLLOW-UP. Segments were
tratified using 3 parameters: TEI, the EDWT, or
he thickness of the unenhanced rim. For each of
hese parameters, SWT at rest and during infusion
f dobutamine was calculated according to the
roup definition and presented in Table 3. Mean
WT increased significantly during 5 g/kg/min
obutamine in segments with an EDWT 6 mm,
nenhanced rim of 3 mm, or if TEI 25%. For
egments with TEI between 25% and 50%, SWT
nly improved during a higher dose of 10 g/kg/
in dobutamine. SWT during dobutamine infu-
ion remained significantly lower for all segments in
he area distal to the CTO as compared with
egments in the remote area. The frequency of
egments with contractile reserve is presented in
able 4.
Interaction terms between EDWT, TEI, and
nenhanced rim turned to be far from significant.
ultivariate logistic regression analysis including
aseline characteristics showed that TEI was the
nly parameter that could predict contractile reserve
odds ratio [OR]: 0.98; 95% confidence interval
CI]: 0.96 to 0.99; p  0.02 and AUROC of 0.66;
5% CI: 0.57 to 0.75; p  0.001). Unenhanced rim
hickness and EDWT could not predict contractile
eserve (AUROC: 0.63; 95% CI: 0.54 to 0.72; p 
.009 and AUROC: 0.52; 95% CI: 0.42 to 0.61;
 0.74, respectively) (Table 5). Adding TEI to
he multivariate model including demographic and
linical factors and medication improved the chi-
quare value of the model significantly (from 29 to
4, p  0.01). Sensitivity, specificity, positive pre-
ictive value, and negative predictive value were
iven in Table 5.
In the subgroup of 35 patients that underwent
CI, SWT was calculated before and after PCI
ccording to the same group definition as described
arlier and presented in Figure 4. SWT before PCI
as significantly different as compared with SWT124 Con
in Re
Figure 3.
To better d
ﬁgure. Twe
dysfunctio
(135/163) oTable 3. Segmental A
TEI (%)
25
25–50
50–75
75
EDWT (mm)
6
6–8
8
Unenhanced rim (mm)
3
3–6
6
Remote
*p  0.05 versus baseline;
EDWT end-diastolic wat follow-up. Importantly, SWT during dobuta-
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619ine before revascularization was not statistically
ifferent as compared with SWT at follow-up.
EGMENTS WITH INTERMEDIATE TEI. In 35 pa-
ients that underwent PCI, 58 segments had a TEI
etween 25% and 75%. Contractile reserve was
resent in 71% (41/58) of the segments and 61%
36/58) of the segments improved after revascular-
zation. Of the segments that show contractile
eserve (n  41), 34 improved after revasculariza-
ion (83%). This is in contrast to segments without
ontractile reserve (17/58) where only some of the
egments improved at follow-up (2/17; 12%).
To discriminate which of the segments with an
ntermediate TEI will show contractile reserve
nd will improve after revascularization, we used
nother parameter, SWTUR. In segments with
WTUR of 45% (n  13), mean SWTFW at rest
id not change significantly during 5 g/kg/min
obutamine (p 0.66), 10 g/kg/min dobutamine
p  0.22), and at follow-up (p  0.44). Seven of
he 13 segments (54%) did not show contractile
eserve, and 69% (9/13) of the segments did not
mprove after PCI.
In segments with SWTUR45% (n 45), mean
WTFW at rest increased significantly during 5
g/kg/min (p  0.05), 10 g/kg/min (p  0.01),
nd at follow-up (p  0.0001) (Fig. 5). In contrast
o segments with an intermediate TEI and SWTUR
45%, intermediate segments with an SWTUR
45% frequently show contractile reserve (34/45;
4%) and improvement after PCI (31/45; 67%).
Multivariate logistic regression analysis for each
iability parameter, including baseline characteris-
ics, was performed to investigate the importance of
ll viability parameters. This demonstrated the im-
ortance of SWTUR, as it was the only parameter in
he segments with an intermediate TEI with a
ignificant relation with the outcome parameter
OR: 0.98; 95% CI: 0.97 to 0.99; p  0.02 and
UROC of 0.70; 95% CI: 0.58 to 0.82; p  0.003)
Table 6). Addition of SWTUR to the model
mproved the chi-square value of the model signif-
cantly (from 9 to 14, p  0.01). Sensitivity,
pecificity, positive predictive value, and negative
Table 5. Multivariate Logistic Regression Analysis and the Pred
OR (95% CI) p Val
TEI 0.98 (0.96–0.99) 0.02
Unenhanced rim thickness 1.13 (0.97–1.32) 0.12
EDWT 1.00 (0.83–1.23) 0.93
Mean values (95% CI) are shown.
CI  conﬁdence interval; NPV  negative predictive value; OR  odds ratio; PPVredictive value of SWTUR for the prediction of
ontractile reserve were as follows: 79% (63 to 89),
2% (33 to 79), 69% (54 to 81), and 64% (42 to 81).
I S C U S S I O N
n our study, we demonstrated that dysfunctional
yocardial segments in the territory of a CTO
mproved significantly during dobutamine and at
ollow-up if EDWT was 6 mm, TEI 25%, or if
he thickness of the epicardial unenhanced rim was
3 mm. However, only TEI could predict contrac-
ile reserve. This study furthermore showed that the
unctionality of the epicardial viable rim allows
efined assessment of contractile reserve and the
hange in SWT at follow-up for segments with a
EI between 25% and 75%.
Low-dose dobutamine improves cellular energet-
cs and contractile function in hypoperfused myo-
ardium (14). Subsequently, the test simulates the
ffect of revascularization with a high accuracy
15–17), whereas TEI is less accurate for prediction
f improvement in function, especially in segments
ith an intermediate extent of infarction (10). Kim
t al. (2) reported that the likelihood of recovery
Table 4. Frequency of Segments With Contractile Reserve
Rest Dobutamine
5 g/kg/min
TEI (%)
25 72% (57/79)
25–50 48% (23/48)
50–75 26% (7/27)
75 11% (1/9)
EDWT (mm)
6 45% (10/22)
6–8 50% (34/68)
8 62% (45/73)
Unenhanced rim (mm)
3 36% (10/28)
3–6 46% (26/56)
6 61% (48/79)
Abbreviations as in Table 3.
e Value for the Presence of Contractile Reserve
Sensitivity (%) Speciﬁcity (%) PPV (%)
85 (77–91) 42 (31–56) 70 (62–78
88 (79–93) 27 (16–41) 69 (61–77
88 (79–93) 16 (8–29) 66 (58–74Rest Dobutamine
10 g/kg/min
68% (54/79)
54% (26/48)
41% (11/27)
0% (0/9)
41% (9/22)
51% (35/68)
66% (48/73)
32% (9/28)
54% (30/56)
58% (46/79)ictiv
ue NPV (%)
) 53 (35–70)
) 54 (34–72)
) 41 (21–63) positive predictive value; other abbreviations as in Table 3.
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620as inversely related to TEI, yet the likelihood of
ecovery following revascularization was less pre-
ictable in segments with a TEI between 25% and
5%, and only 25% of the segments recovered after
evascularization in this subgroup (2). The number
f dysfunctional segments with a TEI of 25% and
5% is substantial, and additional parameters seem
ecessary for accurate prediction of improvement.
he TEI is a relative value that omits the thickness
f a segment. The amount of contractile reserve will
robably be less in segments with an EDWT of 3
m with 50% TEI as compared with a segment
ith the same infarct transmurality and an EDWT
f 8 mm. It is may be therefore interesting to
easure the thickness of the epicardial viable un-
nhanced rim. Second, the amount of rest function
f the epicardial unenhanced rim is important for
ts contribution to regional wall thickening after
evascularization. The relative contribution to
WTFW of restoring function of an akinetic epi-
ardial unenhanced area is more than restoring
unction of a normal contracting epicardial unen-
anced area.
These more complex analyses can easily be as-
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Figure 4. SWT Before and After Revascularization
Segmental wall thickening (SWT) before revascularization at rest du
stratiﬁed according to the TEI (upper left), EDWT (upper right), and
signiﬁcantly during dobutamine and at follow-up in segments with
increased during dobutamine when TEI50% however segments w
up. *p  0.05 versus baseline. EDWT  end-diastolic wall thicknessessed by current post-processing techniques al- pow quantification of the CMR images, which
rovide more refined and accurate assessment of
he extent of scar tissue, the extent and function-
lity of the viable epicardial tissue, and the
resence of contractile reserve of dysfunctional
yocardial segments.
We confirmed findings of other studies that
howed that the presence of a small unenhanced rim
as associated with a higher probability of nonvia-
le tissue as assessed by positron emission tomog-
aphy studies (13,18). In our study, the presence of
n unenhanced rim thickness of 3 mm is associ-
ted with absence of contractile reserve and absence
f change in SWT after PCI.
Furthermore, this study shows that if SWTUR is
ore than 45% in the case of intermediate TEI, no
ontractile reserve and no change in SWT after PCI
ere present. On the other hand, if systolic wall
hickening was less than 45% in these segments,
ontractile reserve could be elicited by low-dose
obutamine, and SWT changed significantly at
ollow-up. This concept has been further explained
nd illustrated (Fig. 2). Theoretically, if 50% of a
ysfunctional segment (SWTFW 45%) in the
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thickness of the unenhanced rim (bottom). Mean SWT increased
EDWT 6 mm or and unenhanced rim of 3 mm. For TEI, SWT
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 transmural extent of infarction.>75
)
6
knes
*
*
ring
the
an
ith aerfusion territory of a CTO is marked by the
c
t
v
i
w
h
i
t
(
c
t
c
m
u
d
d
m
a
S
p
i
s
C
C
v
h
d
H
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 3 , N O . 6 , 2 0 1 0
J U N E 2 0 1 0 : 6 1 4 – 2 2
Kirschbaum et al.
Contractile Reserve in Nontransmural Infarction
621ontrast agent, and therefore considered as scar
issue, and the remaining 50% of that segments is
iable, but akinetic or hypokinetic, contractility will
ncrease during dobutamine infusion, and SWT
ill change after PCI. If the remaining nonen-
anced part in a segment with the same TEI of 50%
s not dysfunctional (SWTUR 45%), total wall
hickening will still be classified as dysfunctional
below 45%) although no contractile reserve and no
hange in SWT after PCI will be present. This
heoretical model assumes that scar tissue does not
ontract and that therefore the SWT of the seg-
ents should be ascribed to the contractility of the
nenhanced rim both at baseline and during low-
ose dobutamine infusion. Our study provides evi-
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Figure 5. Contractile Reserve in Segments With an Intermediate
In segments with an intermediate TEI (25% to 75%), it is difﬁcult to
improve at follow-up. Therefore, we divided the dysfunctional segm
Contractile reserve was present in segments with SWTUR 45%. No
*p  0.05 versus baseline. Abbreviations as in Figures 2 and 3.
Table 6. Multivariate Logistic Regression Analysis and AUROC A
OR (95% CI)
SWTUR 0.98 (0.97–0.99)
EDWT 0.91 (0.68–1.22)
TEI 0.99 (0.94–1.03)
Unenhanced rim thickness 0.99 (0.67–1.46)AUROC  area under the receiver operator curve; SWTUR  segmental wall thickenence for the additional value of quantitative deter-
ination of rest function of the unenhanced rim to
ssess the presence of viable tissue.
tudy limitations. Due to the limited number of
atients, we could only perform segmental analysis
n this report where interaction between individual
egments of a patient can be present.
O N C L U S I O N S
MR quantification of infarcted myocardium pro-
ides precise delineation of the TEI and the unen-
anced rim, and allows assessing the potential of
ysfunctional segments to show contractile reserve.
owever, TEI fails to predict contractile reserve in
%54>
ning Unenhanced Rim (%)
Baseline
5 mcg/kg/min Dobutamine
10 mcg/kg/min Dobutamine
Follow-up
I
ermine which segment will respond after dobutamine or will
s (SWT 45%;) in this group into SWTUR 45% and SWTUR 45%.
tractile reserve was present if SWTUR was normal (SWTUR 45%).
ysis for Segment With an Intermediate TEI
p Value AUROC (95% CI) p Value
0.02 0.70 (0.58–0.82) 0.003
0.55 0.45 (0.32–0.59) 0.49
0.56 0.51 (0.42–0.69) 0.40
0.99 0.51 (0.37–0.64) 0.07cke
TE
det
ent
connaling unenhanced rim; other abbreviations as in Tables 3 and 5.
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622he intermediate segments; in these segments, wall
hickening of the unenhanced rim at rest can be
sed to determine the presence of contractile re-tion. Heart 2000;83:40–6.
14. Yi KD, Downey H
Mallet RT. Dobueprint requests and correspondence: Dr. Robert-Jan van
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a 585, P.O. Box 2040, 3000 CA Rotterdam, theserve of the total segment. Netherlands. E-mail: r.vangeuns@erasmusmc.nl.1
1
1
1
K
r
cE F E R E N C E S
1. Rahimtoola SH. Chronic myocardial
hibernation. Circulation 1994;89:
1907–8.
2. Kim RJ, Wu E, Rafael A, et al. The
use of contrast-enhanced magnetic
resonance imaging to identify revers-
ible myocardial dysfunction. N Engl
J Med 2000;343:1445–53.
3. Kaandorp TA, Bax JJ, Schuijf JD, et
al. Head-to-head comparison between
contrast-enhanced magnetic reso-
nance imaging and dobutamine mag-
netic resonance imaging in men with
ischemic cardiomyopathy. Am J Car-
diol 2004;93:1461–4.
4. Dendale P, Franken PR, Holman E,
Avenarius J, van der Wall EE, de
Roos A. Validation of low-dose do-
butamine magnetic resonance imaging
for assessment of myocardial viability
after infarction by serial imaging.
Am J Cardiol 1998;82:375–7.
5. Arnese M, Cornel JH, Salustri A, et
al. Prediction of improvement of re-
gional left ventricular function after
surgical revascularization. A compari-
son of low-dose dobutamine echocar-
diography with 201Tl single-photon
emission computed tomography. Cir-
culation 1995;91:2748–52.
6. Baer FM, Theissen P, Schneider CA,
et al. Dobutamine magnetic resonance
imaging predicts contractile recovery
of chronically dysfunctional myocar-
dium after successful revasculariza-
tion. J Am Coll Cardiol 1998;31:
1040–8.
7. Trent RJ, Waiter GD, Hillis GS,
McKiddie FI, Redpath TW, Walton
S. Dobutamine magnetic resonance
imaging as a predictor of myocardial
functional recovery after revascularisa-8. Sandstede JJ, Bertsch G, Beer M, et
al. Detection of myocardial viability by
low-dose dobutamine Cine MR imag-
ing. Magn Reson Imaging 1999;17:
1437–43.
9. Bove CM, DiMaria JM, Voros S,
Conaway MR, Kramer CM. Dobut-
amine response and myocardial infarct
transmurality: functional improve-
ment after coronary artery bypass
grafting—initial experience. Radiol-
ogy 2006;240:835–41.
10. Wellnhofer E, Olariu A, Klein C, et
al. Magnetic resonance low-dose do-
butamine test is superior to SCAR
quantification for the prediction of
functional recovery. Circulation 2004;
109:2172–4.
11. Cerqueira MD, Weissman NJ, Dilsi-
zian V, et al. Standardized myocardial
segmentation and nomenclature for
tomographic imaging of the heart: a
statement for healthcare professionals
from the Cardiac Imaging Committee
of the Council on Clinical Cardiology
of the American Heart Association.
Circulation 2002;105:539–42.
12. Holman ER, Buller VG, de Roos A,
et al. Detection and quantification of
dysfunctional myocardium by mag-
netic resonance imaging. A new three-
dimensional method for quantitative
wall-thickening analysis. Circulation
1997;95:924–31.
13. Kuhl HP, van der Weerdt A, Beek A,
Visser F, Hanrath P, van Rossum A.
Relation of end-diastolic wall thick-
ness and the residual rim of viable
myocardium by magnetic resonance
imaging to myocardial viability as-
sessed by fluorine-18 deoxyglucose
positron emission tomography. Am J
Cardiol 2006;97:452–7.F, Bian X, Fu M,
tamine enhances tboth contractile function and energy
reserves in hypoperfused canine right
ventricle. Am J Physiol Heart Circ
Physiol 2000;279:H2975–85.
5. Nelson C, McCrohon J, Khafagi F,
Rose S, Leano R, Marwick TH. Impact
of scar thickness on the assessment of
viability using dobutamine echocardi-
ography and thallium single-photon
emission computed tomography: a
comparison with contrast-enhanced
magnetic resonance imaging. J Am
Coll Cardiol 2004;43:1248–56.
6. Sayad DE, Willett DL, Hundley
WG, Grayburn PA, Peshock RM.
Dobutamine magnetic resonance im-
aging with myocardial tagging quan-
titatively predicts improvement in re-
gional function after revascularization.
Am J Cardiol 1998;82:1149–51, A10.
7. Baer FM, Theissen P, Crnac J, et al.
Head to head comparison of
dobutamine-transoesophageal echo-
cardiography and dobutamine-
magnetic resonance imaging for the
prediction of left ventricular func-
tional recovery in patients with
chronic coronary artery disease. Eur
Heart J 2000;21:981–91.
8. Knuesel PR, Nanz D, Wyss C, et al.
Characterization of dysfunctional
myocardium by positron emission to-
mography and magnetic resonance:
relation to functional outcome after
revascularization. Circulation 2003;
108:1095–100.
ey Words: cardiac magnetic
esonance y hibernation y
ontractile reserve y chronic
otal coronary occlusion.
